Abstract. In order to optimize firewood combustion in low-power firewood-fuelled fireplaces, a novel combustion airstream control concept based on the signals of in situ sensors for combustion temperature, residual oxygen concentration and residual un-combusted or partly combusted pyrolysis gas components (CO and HC) has been introduced. A comparison of firing experiments with hand-driven and automated airstream-controlled furnaces of the same type showed that the average CO emissions in the high-temperature phase of the batch combustion can be reduced by about 80 % with the new control concept. Further, the performance of different types of high-temperature CO / HC sensors (mixed-potential and metal oxide types), with reference to simultaneous exhaust gas analysis by a high-temperature FTIR analysis system, was investigated over 20 batch firing experiments ( ∼ 80 h). The distinctive sensing behaviour with respect to the characteristically varying flue gas composition over a batch firing process is discussed. The calculation of the Pearson correlation coefficients reveals that mixed-potential sensor signals correlate more with CO and CH 4 ; however, different metal oxide sensitive layers correlate with different gas species: 1 % Pt / SnO 2 designates the presence of CO and 2 % ZnO / SnO 2 designates the presence of hydrocarbons. In the case of a TGS823 sensor element, there was no specific correlation with one of the flue gas components observed. The stability of the sensor signals was evaluated through repeated exposure to mixtures of CO, N 2 and synthetic air after certain numbers of firing experiments and exhibited diverse long-term signal instabilities.
Introduction
Residential wood combustion is of widespread concern owing to its sustainable nature as a source of heat energy as well as its adverse impacts on air quality and human health. Particularly in many developing countries, wood is regularly used for residential cooking and heating. However, developed countries have also identified wood as a cheap alternative for domestic heating, mainly in the countryside. In Germany, about 14 million low-power (< 15 kW), single-room, firewood-fuelled fireplaces and about 1 million firewoodfuelled central heaters are being operated (Lenz and Thrän, 2015) . Even after the second grade of the new German emission law (the first BImSchV) for firewood-fuelled low-power fireplaces came into effect in 2015, the upper emission limits for firewood-fuelled single-room fireplaces (1250 mg m −3 for CO and 40 mg m −3 for particulate matter; PM) and central heaters (400 mg m −3 for CO and 20 mg m −3 for PM) are still specified higher than the typical emissions from heating oil burners (about 50 mg m −3 CO).
Under ideal conditions, i.e. with perfect admixing of the flue gas with a stoichiometric amount of air and a reaction rate that would be fast enough, the complete combustion of wood or biomass would result solely in the emission of water vapour, carbon dioxide (CO 2 ) and inorganic PM. However, these ideal process conditions cannot be achieved in conventional firewood-fuelled low-power fireplaces. It was demonstrated that in addition to CO 2 and water, incomplete combustion conditions result in the emission of numerous gaseous species like CO, methane, aldehydes, alcohols, organic acids, partially oxidized hydrocarbons (HCs), polycyclic aromatic hydrocarbons (PAHs) and aerosolized compounds (Tapanainen et al., 2011; Jalava et al., 2010) .
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Gaseous components with high boiling points are found in large amounts in condensed form (loaded on PM), and their high cytotoxic potential was identified by in vitro cell death studies using co-cultures of macrophages and respiratory epithelial cells (Tapanainen et al., 2011; Jalava et al., 2010) . In this context, it is of essential importance to improve the quality of firewood combustion for the reduction of such toxic emissions.
The important parameters which estimate the quality of firewood combustion are the combustion temperature (Tc), the amount of supplied air at the combustion chambers, the admixing of combustion air with the flue gas and the retention time of the gas mixture in the post-combustion chamber (Nussbaumer, 2003; Tissari et al., 2008) . The first and the last two parameters are considerably influenced by the construction quality of the fireplaces (Meyer, 2012) . For complete combustion over a whole batch of combustion processes, the reaction kinetics for the complete oxidation of the flue gas components should be high enough, i.e. at temperatures higher than ∼ 700 • C, provided that the retention time in the post-combustion chamber is long enough (Butschbach et al., 2009 ). This means that in a batch firing process, complete combustion is possible only in the high-temperature (HT) combustion phase which follows the ignition phase (IP) and ends with a transition to the burnout phase (BOP). Both the IP and the BOP are phases of lower temperatures; therefore, the highest emissions of toxic gases and PM loaded with condensed organics are expected. To reduce the toxic emissions, the low temperature phases (IP and BOP) of a batch firing should be kept as short as possible by providing an optimal amount of combustion air at every moment of the combustion process. This requires the implementation of proper automated and optimized combustion airstream control strategies. Further, an improvement in combustion quality can be achieved with catalytic support to the post-combustion process, even in the phases of lower combustion temperatures (Butschbach et al., 2009) . It was reported that operational conditions, like the ignition technique (upside-down or bottom-up), fuel type and use of split or non-split firewood, also have a strong influence on the combustion quality (Vicente et al., 2015) .
The control of the airstreams based on the Tc and the residual oxygen concentration (ROC) in the flue gas is the current state of the art. However, our previous investigations conducted at various fireplaces (Butschbach et al., 2009; Kohler et al., 2010) have shown that for the efficient operation of low-power fireplaces, it is not only essential to enable sufficient combustion air but also to avoid cooling effects in the post-combustion chamber by supplying excess air throughout the firing process. This means that the proper adjustment of the combustion air has to be defined by separate control of the airstreams into the primary and post-combustion chambers and cannot be based solely on Tc and ROC (this strategy is commonly adopted in gasoline-and diesel-fuelled combustion engines) due to the incomplete admixing of the pyrolysis gases with injected air. These aspects indicate the necessity of a representative knowledge of the combustion situation at every moment of the firing process by monitoring the actual content of CO / HC in the flue gas in addition to Tc and ROC (Kohler et al., 2010 (Kohler et al., , 2013 and making use of these parameters for controlling the airstreams. However, the suitability of a CO / HC sensor for in situ application in the exhaust gases from firewood combustion processes is not well investigated. High-temperature gas sensors using mixed-potential electrochemical cells based on yttrium-stabilized zirconium oxide (Butschbach et al., 2009) , chemoresistive metal oxide sensors (Eskilsson et al., 2004; , SiC-based field effect transistors (Andersson et al., 2013) and, perhaps, thermoelectric hydrocarbon sensors (Wiegärtner et al., 2015) are reported to be possible candidates for these applications.
In the first part of this work, we exemplify the advantage of having an automated airstream control system for lowpower fireplaces. A schematic representation of such an automated airstream-controlled system is illustrated in Fig. 1 . This is accomplished by comparing the results of an automated firing experiment on a log-fuelled single-room heating furnace with those conducted in a hand-controlled furnace of the same type operated according to the instructions given by the manufacturer. The experimental details related to the aspects of the reproducibility of these experiments and to the concepts of airstream control are reported elsewhere (Butschbach et al., 2009; Kohler et al., 2013) . The second and main part is directed toward an investigation of the characteristic performance of different types of CO / HC sensors, specifically mixed-potential (MP) and metal oxide (MO) gas sensors, suitable for high-temperature applications in the flue gas. This was motivated by the fact that although the high efficiency of automated airstream control algorithms for lowpower wood combustion processes based on gas sensors, including continuous CO / HC analysis, was clearly reported in the past (Butschbach et al., 2009; Kohler et al., 2010) , suitable and long-term stable sensor elements for continuous in Figure 2 . The MO sensor array (a) and housing (b). A special flange was designed for the adaptation of the sensor to the exhaust gas tube and the separation of the sensor element with a filter for protection against PM and soot particles.
situ CO / HC monitoring at harsh exhaust gas conditions are still not available. These CO / HC sensors are validated to assess their long-term stability and also their individual (cross-) sensitivities to the varying compositions of the flue gas components at different phases of the batch firing process. Furthermore, the suitability of these kinds of sensor signals for the proper control of the combustion airstreams is discussed.
Sensors under investigation
Various types of sensors are operated in the exhaust gas tube of the firewood-fuelled fireplace. These include the commercially available MP CarboSen 1K (CS1K) and CarboSen 10K (CS10K; Lamtec Meß-und Regeltechnik für Feuerungen GmbH & Co. KG, Walldorf, Germany), an indigenously developed MO sensor array (Fig. 2 ) and a commercially available MO gas sensor TGS823 (Figaro Engineering Inc., Osaka, Japan).
CS1K and CS10K are non-Nernstian MP gas sensors sintered at different temperatures, 850 and 1050 • C, respectively, during the fabrication process (Zhang et al., 2015) . Both have a planar structure with a solid-state electrochemical cell on one side of an Al 2 O 3 substrate formed by a Pt reference electrode integrated under a porous stabilized zirconium oxide (8YSZ) solid electrolyte layer and two identical Pt / Au-sensitive electrodes on top, and a platinum heater covered by a passivation layer on the reverse side. The details of the structure of the Au / Pt electrode are published elsewhere (Zhang et al., 2015) . In the presence of oxidizable gases, an MP is formed at the sensing electrode, whereas a typical Nernstian half-cell potential is formed at the reference electrode representing the ROC in thermodynamic equilibrium with all combustible components. The details of the theoretical functionality of this kind of sensor are well described in Miura et al. (2014) . The output signal of the sensor is the potential difference (U ) between the sensing electrode and the reference electrode and is a logarithmic function of the gas concentration c i of gas component i and of the ROC c(O 2 ) according to Eq. (1):
(1)
Here, α i depends on the reference half-cell and is approximately constant if the combustion process is operated at oxygen excess conditions but depends on temperature as well as the constants β i and γ i . All molecules involved in the MP formation process, together with adsorbed oxygen, contribute to the sensor signal U (Moos et al., 2009) . This means that the sensor signal depends in a complicated way on all reactive gas components with different sensitivities, which is further influenced by temperature and electrode material (Miura et al., 2014) . The resistive MO sensor array, which is fabricated in our labs using thin-film and thick-film technologies, is comprised of four microdispensed, thick-film, metal-oxide-sensitive layers of different SnO 2 additives (pure SnO 2 , 2 % ZnO, 1 % Pt and 1 % Pd) on Pt-interdigitated electrodes on the top side of an Al 2 O 3 substrate and a thin-film Pt heater microstructured on the reverse side ( Fig. 2) . A detailed description of the sensor fabrication process is given in Frank et al. (2008) and Knoblauch et al. (2015) . It is operated in the flue gas at 450 • C, and the operating temperature is controlled by a resistive thin-film temperature sensor integrated at the upper side of the chip. For a comparison of the performance with a commercially available MO sensor, a TGS823, which was specifically designed for the detection of organic vapours, is simultaneously operated in the flue gas.
The output signal of the MO sensors is the change in the sensitive layer conductance (G) due to the surface gas reaction processes of the target gas components i with adsorbed oxygen states (O ). These types of sensors respond to different oxidizable and reducible gas components with different sensitivities, dependent on the type of MO (SnO 2 , ZnO, WO 3 ), the kind of (catalytically active) additives (e.g. Pt, Pd, CuO, ZnO) and the operation temperature. The theoretical models of the gas-sensing mechanism have been described already in Morrison (1987) and are still a matter of discussion (Wang et al., 2010) . The oxygen in the gas atmosphere equilibrates with the oxygen defects in the bulk (slow process) and with the oxygen surface states (quick process), which results in oxygen cross-sensitivities in the signal. In addition, most of these sensors are cross-sensitive to water vapour (Kohl, 1989; Hahn et al., 2003) . In general, the conductance change G relates to the concentration of an individual gas component c i according to Eq. (2) (Comini et al., 2009) :
where α i and β i are parameters depending on the individual gas component i. 
Experimental design

Sensor calibration and long-term stability tests
CO is the leading gas component in the flue gas of wood combustion processes, and its concentration varies continuously and characteristically over a batch firing process. Moreover, the ROC is also observed to be varied between 5 and 21 %. Because the emissions and the combustion situation are not easily reproducible, it is extremely difficult to estimate the sensor signal stability from firing experiments alone. Hence, to get a better understanding of the individual sensitivities and the signal stability of the aforementioned sensors, each sensor was calibrated in mixtures of CO, N 2 and synthetic air at different oxygen concentrations according to the gas exposure scheme shown in Fig. 3 . This was done before and between a series of firing experiments using the automated gas mixing set-up described in Jerger et al. (2002) . However, these model gas mixtures do not represent the real exhaust gas composition, which can be composed of more than 40 different components at different concentrations (Marutzky et al., 1999) . Accordingly, the sensor signal of these MP and chemoresistive MO gas sensor elements is estimated by more or less all reactive gas components of the flue gas with individual sensitivities and therefore can only roughly represent the flue gas composition as a COequivalent (CO e ) value (Butschbach et al., 2009 ). These calibrated CO e values of the MP gas-sensing elements are used as a CO / HC input parameter for the combustion airstream control algorithm (Sect. 3.2).
Installation of fireplaces and operation
The efficacy of the firing process control concept was validated by conducting experiments with two low-power furnaces (Varia 2R; Spartherm GmbH, Melle, Germany; Fig. 4a ) of the same type. One of them was operated by setting the total combustion airstream with a hand-adjusted lever according to the instructions of the producer. The other was complemented by separate primary and secondary com- bustion airstream channels with motor-driven shutters to enable the operation with separate airstream control algorithms based on the Tc, ROC and CO / HC signals of the corresponding in situ sensors. The airstreams were measured with standard mass flow sensors (HFM-7; Bosch, Stuttgart, Germany) and were adjusted to the desired flow by controlling the shutter position with separate nested control algorithms. This enables the later application of these airstream control algorithms to fireplaces with a natural chimney draught for which different draught conditions have to be expected. However, all experiments reported in this paper are conducted with a ventilation-controlled chimney draught in the ignition phase to guarantee that the chimney draught of the cold system is high enough. This was necessary due to some technical constraints related to the flow of the flue gas. For process control, a standard K-type thermocouple was installed at the post-combustion chamber for measuring the Tc. ROC was controlled at excess air conditions in the range of 5 % ≤ ROC ≤ 21 % using a commercial oxygen sensor, LSU 4.9 (Bosch), and the signal representing the CO / HC content was provided by a commercial CS10K mixed-potential gas sensor (Lamtec GmbH, Walldorf, Germany) operated at 640 • C. Before conducting the firing experiments, the CO / HC sensor was calibrated according to the routine described in Sect. 3.1. Both the ROC and the CO / HC sensor are installed at the exhaust gas pipe (Fig. 4a) together with an additional thermocouple for the monitoring of the flue gas temperature. Another furnace, the SF10SK (Brunner GmbH, Eggenfelden, Germany; Fig. 4b ), was used for the simultaneous evaluation of the different types of CO / HC sensors (Fig. 4c) in the in situ flue gas operations. This fireplace has the advantage of a water-cooled periphery, which allows for secure operation at higher temperatures and attaining a better re- Figure 5 . The differences in combustion airstreams and CO emissions (sampled with a high-temperature FTIR gas analysis system) of a hand-operated (a) and an automatically airstream-controlled (b) firewood combustion process in a Varia R fireplace. Due to the constructional design of the hand-operated fireplace, (a) only a total airstream could be sampled. The fireplace was reloaded with two additional logs on the glue bed at t Re . All CO concentration values are original data, i.e. not related to 13 % ROC. Additionally, a catalyst in the experimental state (provided by the Deutsches Biomasseforschungszentrum (DBFZ), Leipzig, Germany) was used in the fireplace with automatic airstream control to study the improvement of the post combustion and the reduction in the emissions.
production of the firing experiments. The furnace was complemented with the same types of sensors for airstream control (HFM-7) and a thermocouple (K-type) for Tc sampling. ROC and CO / HC were analyzed through the implementation of an LSU 4.9 and a CS10K (T = 760 • C), respectively. The control algorithm was parameterized in several iterations referenced by the FTIR (GASMET Ansyco GmbH, Karlsruhe, Germany) gas analysis system for operation at highquality combustion conditions. In addition, this fireplace was equipped with an MO sensor array housed as illustrated in Fig. 2 , a TGS823 MO sensor element and a CS1K mixedpotential sensor element.
In all the experiments conducted in both type of furnaces (Varia and SF10SK), dried firewood made of beech trees (with a guaranteed residual water content lower than 20 %) was used as fuel. In order to improve the reproducibility of the firing experiments, comparable total weights of the firewood and stacking pattern (Fig. 4d) were maintained. In all experiments, the ignition was started at the top of the firewood stack (upside-down combustion; Fig. 4e ) using a commercial igniter. All CO / HC sensor signals were simultaneously referenced by a high-temperature FTIR gas analysis system. The HT-FTIR conducts a continuous and detailed analysis of the IR-active exhaust gas components at time intervals of 10 s by extracting a well-defined flue gas stream of 5 L min −1 .
Results and discussions
Validation of control concept
A comparative study of the emissions from the Varia R fireplaces with the hand-controlled and automatically controlled firing is represented in Fig. 5 , focusing on only three process parameters: the Tc, ROC and CO concentration. In both experiments, the ignition is started at a cold-furnace state after the stacking of the logs according to the method described in Sect. 3. After the ignition of the hand-adjusted fireplace, Tc increases slowly and correlates inversely with ROC due to increasing combustion reaction kinetics (Fig. 5a ). After having passed a temperature maximum, it decreases again because of the fuel consumption and the corresponding attenuation of the exothermic combustion rates. As already stated in Sect. 1, the phases of lower Tc are typically characterized by high emissions of un-combusted and partly combusted gas components due to the reduced combustion reaction kinetics. Correspondingly, there is an expected reduction of c(CO) in the flue gas at the HT combustion phase; however, this decrease is not observed (Fig. 5a) . Only for the short period during which the Tc approached 400 • C at time interval 25 min ≤ t ≤ 40 min is a clear decrease in c(CO) observed. The reason for the relatively low Tc max is probably due to the too-high airstreams indicated by ROC > 8 %.
The firing process behaves substantially differently at controlled combustion airstream conditions (Fig. 5b) . A temperature of about 530 • C is reached notably faster (∼ 11 min) after ignition; correspondingly, the ROC clearly decreases steeper with time and reaches a minimum value of about 6 %. Again, an inverse correlation of the ROC with Tc is observed over time due to the dependency of the combustion kinetics on Tc and the related oxygen consumption. As a consequence of the increased combustion kinetics, which may be further enhanced by an oxidation catalyst, the CO emission is remarkably low from ignition up to about the 35th minute ( Fig. 5b) until the temperature drops below 480 • C (the beginning of the BOP). Beyond this time, the primary airstream is slowly increased to keep the combustion rate and corresponding Tc as high as possible before the software records Tc < 360 • C and changes to the next phase, during which the airstreams are considerably reduced. Further, the CO concentration tremendously increases due to the too-low combustion kinetics. As observed in other experiments, due to the unfavourable collapse of the wood stack, part of the residual glue in the firing chamber is not well ventilated by the combustion air (an artefact due to (unfavourable) constructive properties of the furnace design). After the reloading of firewood on the glue bed (t Re ∼ 67 min and 52 min for the hand-and automatically controlled stoves, respectively), the firing process is completely different compared to the previous process. This is because now the burning proceeds from the bottom of the wood (Vicente et al., 2015) . With controlled airstreams well adapted to this new firing situation, the Tc can be maintained rather high (about 400 • C) and stable for a longer time, and the CO concentration is typically reduced to values below 700 ppm for more than 20 min (Fig. 5b) . However, in the case of the hand-controlled combustion, due to the short HT phase after reloading, the period of low-combustion emissions after reloading is quite short (∼ 6 min; Fig. 5a ).
Quantitative evaluation
For a quantitative comparison of the total CO emitted in the hand-operated mode with the amount emitted in the automated firing mode, common standards for calculation had to be defined. The emissions (Table 1) are related to the HT phase but are also calculated for the total firing process from ignition up to the time when the reloading was started. For an estimation of the HT phase, we defined a time period during which the Tc varies in the range between Tc max and Tc max -10 % (Fig. 5) . For the calculation of the relative amount of CO emissions, the CO concentration was multiplied by the total combustion gas stream at every point in time and then summed over the whole period of measurement. The latter operation is, of course, not suitable to calculate the absolute emissions because it does not consider the increase in the gas volume caused by the combustion process; however, it may be appropriate for a calculation of the relative emissions for comparison. The results summarized in Table 1 clearly show that the Tc max of the automated firing experiment is much higher than in the case of the hand-operated experiment. As visualized in Fig. 5 , the HT time period is significantly longer. In spite of this, the total CO emissions calculated in the HT phases are only 28 %, and the average emissions are only 19 % of those of the hand-operated furnace. When the emissions are calcuated over the whole period from firing to the time of reloading (Table 1) , the results do not clearly favour the controlled operation. This may be due to the artefact mentioned above.
Evaluation of CO / HC sensors
As demonstrated in Sect. 4.1, the use of the CO / HC sensors together with the continuous measurement of the ROC and Tc in low-power firing processes can clearly improve the control algorithms for the proper adjustment of the combustion airstreams at every instant of the batch firing process. However, there are two aspects which have to be considered in this context. The first aspect is the validity of the signals of the sensor elements with well-known cross-sensitivity to many combustible gas components and to ROC (Sect. 2) operated in the flue gas where these components vary largely over time. This is further discussed in Sects. 4.2.1. and 4.2.2. The second aspect is the long-term signal stability of the sensor elements, which is reported in Sect. 4.2.3. Both aspects were investigated through the simultaneous operation of several sensor elements in the exhaust gas of the automatically operated SF10SK fireplace.
Sensitivity to model gases
As an indication of sensitivity, the results of the calibration routine discussed in Sect. 3.1 are given in Fig. 6 .
In Fig. 6 , the initial calibration (calibration 1) before the firing experiments shows a clear sensitivity to CO and the applicability of Eqs. (1) and (2) (the solid lines). This is confirmed by the linearity of the signals on c(CO) in a semilogarithmic and a full-logarithmic scale for the MP sensors (Fig. 6a, b ) and MO sensors (Fig. 6c, d , e), respectively. As stated above, for both types of sensors investigated, the signals are strongly dependent on the oxygen background. While the MP sensors can be modelled to include the oxygen dependency directly (γ i ), the MO-sensitive layers show a strong dependency of α i on c(O 2 ) (offset in the logarithmic representation).
CO / HC sensor performance in the combustion process
An overview of the signals of the different types of sensors installed in the SF10SK fireplace and the major IR-active flue gas components sampled simultaneously by the HT-FTIR analysis system during one typical batch firing process is given in Fig. 7 . Figure 7a shows the variation in the Tc in the post-combustion chamber and in ROC with respect to time. As already discussed above, a steep decrease in ROC is observed with increasing temperature due to the higher reaction kinetics within the first 15 min (Fig. 7a) . However, the Tc rises to much higher values (700-800 • C) in the HT combustion phase and is sustained over 30 min. The variation in the concentrations of the major gas components in the flue gas is illustrated in Fig. 7b . To get a linear correlation of the sensors responses to the gaseous emission concentrations, it is set to a logarithmic scale. During the IP, i.e. between 0 and the 15th minute, the emissions are high. Relatively low emissions are expected at Tc above 700 • C, i.e between the 15th and the 45th minute. However, in Fig. 7b , there is a clear indication that even at Tc > 700 • C the emissions are relatively high when the ROC ≤ 6 %. This is assumed to be due to the imperfect admixing of the pyrolysis gases with the air in the post-combustion chamber. At ROC ≥ 6 % and Tc ∼ 800 • C, none of the gases detected by the HT-FTIR system exceed a concentration of 150 ppm (related to 13 % ROC) over a time period of about 10 min. As soon as Tc decreases, the emissions of CO and hydrocarbons increase again.
Concerning the CO / HC sensor signals (Fig. 7c) , several characteristic responses to the varying compositions of the flue gas are observed. Upon comparing the sensor signals with the calibration data discussed in Sect. 4.2.1, it is clear that the signal levels of all sensors are increased to a point that would not be representable with the calibration routine used. It is therefore necessary to express the signal behaviour observed in the calibration experiments in a scaled form that matches the signals in the firing experiment. In this work, this representation is called the CO e value, the determination of which is still a matter of investigation. To detail the influencing factors in the signal generation process of the given sensors, several highlights of the data shown in Fig. 7c will be discussed. The signals of CS1K and CS10K (Fig. 7c) coincide well with each other with an approximate constant signal offset, also seen in nearly equal correlation coefficients (Table 2 ). Both sensors are more sensitive to CO and methane than to the remaining hydrocarbons, as only minor signal rises are observed when high HC emissions are analyzed. But the signals are clearly enhanced in the HT combustion phase, i.e. at low ROC as expected according to Eq. (1).
The correlation of the behaviour of the sensor signal with the FTIR referencing signals is estimated by calculating the Pearson correlation coefficients (Mukaka, 2012) and listed in Table 2 . The signal of the 1 % Pt / SnO 2 -sensitive layer of the MO gas sensor array (Fig. 7c) follows the variation in the CO concentration over time and is also influenced by the variation in the hydrocarbon concentrations. This can be well observed at the time interval 60 min ≤ t ≤ 100 min and is confirmed by the correlation data (Table 2 ). In addition, the sensitivity is considerably enhanced in the HT combustion phase where the ROC is low and the water vapour concentration is very high. As already mentioned in Sect. 2 and confirmed in Sect. 4.2.1, the conductance of MO gas sensors is highly influenced by ROC and probably by water vapour as well. Further investigations will be necessary to analyze the contribution of both parameters, i.e. to what extent this cross-sensitivity can be compensated for by the ROC values, which are measured simultaneously. Similar behaviour is observed in the case of the TGS823 (Fig. 7c) . In contrast, the second MO layer of the sensor array under investigation (Fig. 7c) , 2 % ZnO / SnO 2 , behaves clearly differently to the other CO / HC sensors discussed above. This sensor shows a high signal dependency on the hydrocarbon concentrations (Table 2) , while CO and water vapour play only a minor role in the signal formation. This is well observed in the initial 10 min after ignition and at the time interval 60 min ≤ t ≤ 100 min. In both periods, the HC emissions are characteristically high. It is still open for investigation whether there is a generally high sensitivity of this sensing layer to all the hydrocarbons or only to a few individual components. 
Investigation of sensor signal stability
To assess the signal stability, the sensors were repeatedly tested in model gases at intervals after a certain number of firing experiments. Figure 6 shows the comparison of the initial (squares) and final (triangles) calibration. A decay in the signal is visible for all sensors except the 1 % Pt / SnO 2 gas sensor. But the signal of this sensing layer fluctuates over the time of operation in the flue gas (Fig. 8) . In the case of the MP gas sensors (CS1K and CS10K), the sensor signal dropped after five firing experiments to about 92 % of the original value. The sensor signal of the CS1K, operated at 760 • C, continued to drop with continuing experiments, whereas the sensitivity loss of CS10K, operated at the same temperature, is clearly slower. After 21 firings, the signal seems to be more or less stable (Fig. 8) . This shows that the long-term stability of these sensor elements has to be improved; however, the parameters which influence this essential property are actually still a matter of investigation.
Considering the TGS823, the relative conductance value dropped sharply to rather low values after three firing experiments and showed stable behaviour afterwards, even after 19 firing experiments. This might be due to the annihilation of the instable reaction sites during the first hours of operation in the flue gas. The 2 % ZnO / SnO 2 MO layer shows a similar decrease in the signal (Fig. 8) , but after the first drop there is still significant fluctuation and a slower decrease in the signal in the model gases is observed. This may indicate the irreversible or partly reversible blocking of the reaction sites at the gas-sensitive layer through gas adsorption. The exact reasons for this behaviour are not well understood and have to be further investigated.
Experiments with two identical fireplaces operated by hand and automated control concepts demonstrated that the use of the signals from in situ sensors for Tc, ROC and CO / HC concentrations as inputs for a control algorithm for primary and secondary airstreams enables a considerable reduction in the emissions of CO and other unburned hydrocarbons by about 80 % in phases during which the combustion temperature is high enough. In addition, such high-temperature phases can be prolonged through controlled operation. With this kind of control concept, CO concentrations lower than 150 ppm (about 150 mg m −3 ) in the high-temperature phase of combustion are possible.
In this context, the suitability of different types of sensor elements for the in situ measurement of CO / HC was the main focus of this investigation. All types of CO / HC sensors are cross-sensitive to different flue gas components (CO, methane, formaldehyde) with individual specifications, and especially to ROC and water vapour. Signal changes influenced by varying oxygen concentrations can be well compensated for by the ROC sensor signal recorded simultaneously; however, there is no appropriate sensor for in situ water vapour monitoring available.
Among the sensors investigated, the signals of the CS1K and CS10K (mixed-potential type) are well correlated with the variations in CO emissions. The metal oxide sensor element 1 % Pt / SnO 2 shows even better correlation with CO, but suffers from a higher influence of ROC and perhaps water vapour. The 2 % ZnO / SnO 2 metal oxide sensor element does not show significant cross-sensitivity to water vapour and ROC in the actual firing process. In contrast, the signals are well correlated with hydrocarbons rather than CO. The TGS823 signal correlates with hydrocarbons as well as CO and shows a high cross-sensitivity to water vapour and ROC.
Considering stability, the sensitivity of all types of CO / HC sensors decreased drastically with the operation time in the flue gas. Only a CS10K sensor operated at 760 • C was found to be quite stable. After about 80 h of operation in the flue gas, it lost only about 25 % of the original sensitivity. Looking to the family of metal oxide gas sensors, the sensitivity of 2 % ZnO / SnO 2 and TGS823 to the model gases was clearly reduced after the first firing experiments, then seems to be stabilized at a lower sensitivity level. Nevertheless, both are still sensitive enough for the online monitoring of the flue gas, even after about 70 h of operation in the flue gas. The 1 % Pt / SnO 2 layer, however, showed a highly fluctuating response in repeated tests in the model gases and still shows very sensitive behaviour in the flue gas. These instabilities will be a matter of research in the near future.
Another aspect is the reliability of these sensor signals considering the enormous variation in the flue gas composition. Using a single sensor element for CO / HC monitoring and taking the sensor-specific cross-sensitivities into account, only a CO-equivalent flue gas concentration can be monitored, which reduces the quality of the combustion airstream control considerably. Further improvement can be expected through multivariate gas analysis by operating an array of sensing layers with different cross-sensitivities.
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